Aim: Hec1, a member of the Ndc80 kinetochore complex, is highly expressed in cancers. The aim of this study was to explore the role and mechanism of action of Hec1 with respect to the cytotoxicity of paclitaxel in ovarian cancer. Methods: Thirty ovarian cancer samples and 6 normal ovarian samples were collected. Hec1 expression in these samples was determined with immunohistochemistry. Ovarian cancer cell lines A2780, OV2008, C13K, SKOV3, and CAOV3 and A2780/Taxol were examined. Cell apoptosis and cell cycle analysis were detected with flow cytometric technique. siRNA was used to delete Hec1 in the cells. The expression of related mRNAs and proteins was measured using RT-PCR and Western blot analysis, respectively. Results: Hec1 expression was significantly higher in ovarian cancer samples than in normal ovarian samples, and was associated with paclitaxel-resistance and poor prognosis. Among the 6 ovarian cancer cell lines examined, Hec1 expression was highest in paclitaxelresistant A2780/Taxol cells, and lowest in A2780 cells. Depleting Hec1 in A2780/Taxol cells with siRNA decreased the IC 50 value of paclitaxel by more than 10-fold (from 590±26.7 to 45.6±19.4 nmol/L). Depleting Hec1 in A2780 cells had no significant effect on the paclitaxel sensitivity. In paclitaxel-treated A2780/Taxol cells, depleting Hec1 significantly increased the cleaved PARP and Bax protein levels, and decreased the Bcl-xL protein level. Conclusion: Hec1 overexpression is associated with the progression and poor prognosis of ovarian cancer. Inhibition of Hec1 expression can sensitize ovarian cancer cells to paclitaxel.
Introduction
Paclitaxel (Taxol), one of the broadest-spectrum anticancer agents, is currently used to treat patients with ovarian and breast carcinomas. The anti-tumor function of paclitaxel is to target the microtubules of the mitotic spindle to impede chromosome alignment and segregation, thereby blocking cell cycle progression and activating apoptosis pathways [1] . However, paclitaxel resistance is a fundamental problem in cancer management and is the primary reason for treatment failure. Recently, many resistance mechanisms have been discovered that involve proteins such as PTEN, AKT, PI3K, MDRassociated protein and various mitotic checkpoint proteins.
Many researchers have reported that the elevated (in the case of Aurora Kinase A) or the decreased (for example, BubR1 and Mad2) expression of mitotic checkpoint proteins can antagonize the effects of paclitaxel [2] [3] [4] . Therefore, many molecules that interfere with the spindle assembly checkpoint could contribute to the effects of paclitaxel.
Hec1, coded by the gene Hec1, is a member of the Ndc80 kinetochore complex, which is overexpressed in cancer. As a kinetochore outer layer component and a positive spindle assembly checkpoint control, Hec1 plays an important role in the formation of stable kinetochore-microtubule interactions and in proper chromosome alignment during mitosis [5] [6] [7] . The depletion of Hec1 impairs chromosome congression and leads to the persistent activation of the spindle checkpoint [6] . Hec1 overexpression has been observed in numerous human cancers and was determined to be associated with worse clinical outcomes in primary breast cancer and other cancers [8, 9] .
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One study suggested that inhibiting Hec1 may be an effective approach for therapeutic intervention in cancer [10] . In this study, we used siRNA to downregulate the expression of Hec1 in ovarian cancer cells and explored the role and mechanism of action of Hec1 pertaining to improving the cytotoxicity of paclitaxel.
Materials and methods

Cell lines and culture
The A2780 human ovarian cancer cell line was obtained from the European Collection of Cell Cultures (ECACC, Salisbury, UK). The OV2008 and C13K ovarian cancer cell lines were gifts from Dr Rakesh GOEl at the Ottawa Regional Cancer Center, Ottawa, Canada. These cell lines were cultured in RPMI-1640 containing 10% FBS. The paclitaxel-resistant ovarian carcinoma cell line A2780/Taxol was cultured in RPMI-1640 containing 10% FBS and 80 nmol/l paclitaxel. The human epithelial ovarian adenocarcinoma cell lines SKOV3 and CAOV3 were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA) and were cultured in DMEM containing 10% FBS. All the cells were cultured in a humidified incubator with 5% CO 2 at 37 ºC.
Small interfering RNA transfection
The oligonucleotides that comprise the double-stranded small interfering RNA (siRNA) targeting Hec1 (S: 5'-AAGUU-CAAAAGCUGGAUGAUCUU-3'; AS: 5'-AAGAUCAUCCA-GCUUUUGAACU-3'), which target position 1517-1539 relative to the start codon (accession number NM_006101) [6] , were purchased from Invitrogen (USA). According to the manufacturer's instruction, the siRNA was transfected into the ovarian cancer cells using lipofectamine TM 2000 (Invitrogen, USA). An siRNA targeting Green Fluoresce Protein (GFP) was utilized as a control (S: 5′-AAGAAGAAGTCGTGCTGCTTCCCTGTCTC-3′; AS: 5′-AA GAAGCAGCACGACTTCTTC CCTGTCTC-3').
RNA extraction and semi-quantitative real-time PCR Total RNA was isolated from each group of cells using Trizol according to the manufacturer's protocol. DNase I (Promega) was included to decrease genomic DNA contamination. The reactions were performed in a Bio-Rad system using the Realtime PCR Syber Mix (DBI). The primers used in the real-time PCR reaction were as follows: Hec1: forward, 5'-GCAAGCT-TCAGATACTTGCACGGTTTAC-3', reverse, 5'-GCCTCGA-GATCAACATTTTATCTGCATTCT-3'; GAPDH: forward, 5'-TGCACCACCAACTGCTTAGC-3', reverse, 5'-GGCATG-GACTGTGGTCATGAG-3' [11] . After a pre-denaturation step at 95 ºC for 3 min, 40 cycles of PCR were performed as follows: 15 s denaturation at 95 ºC, 15 s annealing at 60 ºC and a 30 s extension at 72 ºC. The fold amplification for each gene was calculated using the 2 -∆∆Ct method.
Western blot analysis
The cells were lysed in RIPA lysis Buffer (Beyotime, China), and the protein concentrations were determined. Approximately 50 µg of protein was separated on a 10% SDSpolyacrylamide gel, transferred to a PVDF membrane, and incubated with antibodies against Hec1 (ab3613, Abcam, 1:1000), H3P (Ser10, e173, Epitomics, 1:1000), CYClIN B1, Bax, cleaved PARP (4135S, 5023, 9541, Cell Signaling, 1:1000), Bcl-xl (AB126, Beyotime, 1:500), and Actin (AA128, Beyotime, 1:1000). Specific signals were detected using the alkaline phosphatase method.
MTT assay
The cells were seeded into 96-well culture plates. After a series of treatments, the cells were exposed to different doses of paclitaxel (T1912, Sigma) and incubated for 72 h. The cells were assayed by adding 100 µl/well of medium containing 1 mg/ml 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT, Sigma) for 4 h at 37 ºC in a CO 2 incubator. After the incubation, the MTT solution was removed, and the cells were resuspended in 200 µl of 100% dimethyl sulfoxide (DMSO). The absorbance values were measured at 570 nm and were normalized to the corresponding control (paclitaxeluntreated cells). The experiments were conducted in triplicate.
Apoptosis analysis by flow cytometry
The cells were harvested in 0.25% trypsin and washed once with PBS. After centrifugation, the cells were stained using the Annexin V-FITC/PI Apoptosis Detection Kit (KeyGen Biotech). The analysis of the apoptotic cells was performed on the flow cytometer (BD).
Cell cycle analysis by flow cytometry
The cells were harvested in 0.25% trypsin and washed once with PBS. After centrifugation, the cells were fixed in 70% icecold ethanol overnight at -20 ºC. After a PBS wash, the cells were incubated in 500 µl sample buffer containing 50 mg/l propidium iodide (PI) and 100 mg/l RNase for 30 min. The analysis of the apoptotic cells was performed on the flow cytometer.
Immunofluorescent microscopy
Following the treatment, the cells were fixed with cold ethanol for 10 min. After an incubation with 5% BSA, the cell membranes were ruptured with 0.1% Triton X-100 for 15 min. The mouse anti-Hec1 antibody (1:50, Abcam) was incubated with the cells overnight at 4 ºC. After the incubation with the appropriate secondary fluorescent antibody, the cells were stained with Hoechst-33342 and immediately observed under a fluorescent microscope.
Tissue samples and immunohistochemistry
Six normal ovarian tissues and 30 ovarian cancer tissues were collected from the Department of Pathology at Tongji Hospital after receiving approval from the Institutional Review Board. The staging was based on the FIGO classification; 12 stage I/II cases and 18 stage III/IV cases were included. The degree of cell differentiation was as follows: 9 cases were well www.chinaphar.com Mo QQ et al Acta Pharmacologica Sinica npg differentiated, 13 were moderately differentiated, and 8 were poorly differentiated. A total of 20 patients with advancedstage ovarian carcinoma that had received adjuvant paclitaxelbased chemotherapy were enrolled. Of these patients, the 8 that experienced disease progression or recurrence <6 months after discontinuing chemotherapy comprised the paclitaxelresistant group, and the 12 that did not have a recurrence or had a disease recurrence more than 6 months after discontinuing chemotherapy comprised the paclitaxel-sensitive group. After removing the paraffin and dehydrating the ovarian tissue sections (5 µm thick), citrate buffer was utilized to unmask the antigenic sites (antigen retrieval), and the standard AvidinBiotin Complex (ABC) method was performed to stain the sections. The positive staining was developed using DAB peroxidase substrate solution. A mouse anti-Hec1 (Abcam, 1:100) primary antibody was used.
Scoring the immunohistochemical staining
The immunohistochemical staining was scored based on both the percentage of positive DAB staining and the staining intensity [12] . The following scoring metric for the DAB staining intensity was utilized: 0 for negative, 1 for weak light yellow staining, 2 for medium positive yellow staining, and 3 for strong positive brown staining. The DAB staining was scored based on the percentage of the total area that was positive. The combined weighted score comprised the proportion of DAB staining for each score. For example, a case with 55% staining with a score of 3, 10% with a score of 2, and 35% with a score of 1 would be tallied as (55×3)+(10×2)+(35×1)=220. The maximum score was 300.
Statistical analysis
The SPSS16.0 software package was used to analyze the data. Statistical significance was defined as P<0.05. All the values are presented as the mean±standard deviation (SD). All the experiments were repeated at least three times.
Results
The overexpression of Hec1 protein in human ovarian cancer Six normal ovarian tissues and 30 ovarian cancer tissues were collected, and Hec1 expression was determined by immunohistochemistry. The results revealed that Hec1 expression was higher in ovarian cancer than in normal ovarian tissue ( Figure 1A ). Using the scoring criteria for the DAB staining that was described in the methods section, the mean score for the Hec1 expression in ovarian cancer was 205±47, which was higher than the expression in normal tissue (132±34) ( Figure 1B, P<0.05) . To investigate the clinical significance of the expression of Hec1 in ovarian cancer tissues, we analyzed the relationship between the Hec1 IHC score and the clinical drug resistance and patient prognosis. The Hec1 immunohistochemistry scores strongly correlated with paclitaxel resistance: the paclitaxel-resistant group score was 235±35 and the paclitaxel-sensitive group score was 186±33 ( Figure 1C,  P<0.01) . Therefore, Hec1 may play an important role in ovarian cancer progression and paclitaxel resistance.
The mRNA and protein levels of Hec1 in various ovarian cancer cell lines We confirmed that Hec1 was overexpressed in ovarian cancer tissues. Next, we determined whether Hec1 expression differed in various ovarian cancer cell lines (including A2780, A2780/Taxol, C13K, SKOV3, CaOV3, and ov2008). At the mRNA level, Hec1 was most highly expressed in A2780/ Taxol cells, and the lowest expression was observed in A2780 cells (Figure 2A) . Moreover, the same results were obtained by examining the protein expression of Hec1 by western blot ( Figure 2B ). The results from the cells and the clinical samples were consistent. Hec1 is important for mitosis; its depletion impairs chromosome congression and leads to persistent activation of the spindle checkpoint. Therefore, Hec1 may play a role in the resistance to paclitaxel in ovarian cancer.
Depleting Hec1 expression in the ovarian cancer cell lines A2780 and A2780/Taxol To determine whether Hec1 can improve paclitaxel resistance Figure 3A ) and western blot ( Figure 3B ) results demonstrated that Hec1 expression was decreased in siRNA-transfected cell lines compared with cell lines that did not receive siRNA and those transfected with control siRNA. We also performed immunofluorescence to detect Hec1 expression at the kinetochores ( Figure 3C ). Compared with control cells, fluorescence intensity in Hec1 siRNA-treated cells was visibly diminished. Therefore, the Hec1 siRNA was suitable for subsequent studies.
Enhancing paclitaxel sensitivity by depleting Hec1
Compared with the A2780 cell line, the A2780/Taxol cell line was more resistant to paclitaxel. Previously, we demonstrated that expression of Hec1 is higher in A2780/Taxol cells than in A2780 cells. To determine whether depleting the expression of Hec1 would alter the efficacy of paclitaxel, we examined the synergism between Hec1 siRNA and paclitaxel in these two cell lines. First, we determined the effect of Hec1 knockdown on cell proliferation in the absence of paclitaxel because the Hec1 siRNA itself exhibited cytotoxicity. The results revealed that there was a difference in cell proliferation between the Effects of Hec1 siRNA on paclitaxel-induced apoptosis and cell cycle perturbations in A2780/Taxol cells To confirm that depleting Hec1 reverses paclitaxel resistance, the effects of the combination treatment on apoptosis and mitotic arrest were examined by flow cytometric (FCM) analyses. The results revealed that the apoptosis rate was 9.5% in A2780/Taxol cells treated with 100 nmol/l paclitaxel versus 18% when these cells were depleted of Hec1 ( Figures 5A and 5B). In the co-treated cells, the apoptosis rate was 35%, a nearly 2.5-fold increase compared with paclitaxel treatment and a 1.0-fold increase compared with Hec1 siRNA treatment. More co-treated cells were arrested in G 2 /M compared with cells receiving a single treatment ( Figure 5C ). Therefore, G 2 /M arrest might prolong paclitaxel activity, which could reduce paclitaxel resistance.
Effects of Hec1 siRNA on expression of cell cycle-and apoptosisrelated proteins in A2780/Taxol cells By flow cytometry, the depletion of Hec1 enhanced mitotic arrest and paclitaxel-induced apoptosis. Therefore, to explore the role of Hec1 in improving sensitivity to paclitaxel, we performed western blots to ascertain changes in expression levels of cell cycle-and apoptosis-related proteins ( Figure 6 ). A2780/Taxol cells were treated with paclitaxel, Hec1 siRNA, or both factors. Cleaved PARP was up-regulated when cells were co-treated with Hec1 siRNA and paclitaxel. Expression of proteins that mediate cell death, such as Bax, was increased, but anti-apoptotic proteins, such as Bcl-xL, were significantly downregulated. These paclitaxel chemotherapies might be more effective in combination with Hec1 knockdown. Cyclin B1, which is up-regulated in G 2 /M, and H3P (phospho-histone H3), which is tightly correlated with chromosome condensation during both mitosis and meiosis via phosphorylation at Ser10, were both up-regulated by the combination treatment.
All the results indicated that the Hec1 siRNA/paclitaxel combination treatment enhanced mitotic arrest and paclitaxelinduced apoptosis.
Discussion
Ovarian cancer is the most common cause of death from a gynecological malignancy in the world. Although chemotherapy remains the primary treatment for human ovarian cancer, chemoresistance is a clinical problem that severely limits treatment efficacy. Therefore, understanding the mechanisms that contribute to drug resistance will provide knowledge with which to develop more effective anti-cancer chemotherapies.
Paclitaxel is a first-line treatment for ovarian cancer chemotherapy. Drug resistance is the primary cause of treatment failure in patients with cancer. Paclitaxel binds to tubulin and promotes the formation of stable microtubules. Paclitaxel also impedes the cell cycle by causing cells to accumulate in M phase, eventually leading to apoptosis. The mechanisms responsible for paclitaxel resistance include the following: 1) changes in the expression level of her/neu and Bcl-2 [13] ; 2) increased microtubule dynamics [14] ; 3) damage of the mitotic spindle checkpoint [3] ; and 4) chromosomal instability [15, 16] . Swanton and colleagues have identified numerous genes responsible for paclitaxel resistance, most of which are important for mitosis. when they inhibited the expression of these mitosis-related genes, 
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Acta Pharmacologica Sinica npg paclitaxel resistance increased because of damage to the mitotic spindle checkpoint [17] . Numerous genes have been targeted as chemotherapeutics or to improve the effects of chemotherapy. For example, inhibition of AURKA expression suppressed tumor growth and enhanced the chemosensitivity to taxane [18] . Chromosomal instability has been suggested to be a driving force for tumor initiation and/or progression. Many genes known to play a role in the proper control of mitosis are mis-regulated in tumors. Particular mitotic regulatory genes involved in chromosome segregation, such as Hec1 and Mad2, are highly expressed in various human tumors and are correlated with tumor grade and prognosis [19, 20] . Here, we report similar results from immunohistochemical studies on human ovarian cancer: Hec1 was overexpressed in ovarian cancer, with the highest expression in paclitaxel-resistant ovarian cancer tissues and A2780/Taxol cells. Moreover, Hec1, an important mitotic protein, is intricately involved in establishing appropriate microtubule attachments and chromosome alignment [21] . Therefore, the results suggested that Hec1 might be an effective indicator for improving paclitaxel resistance in ovarian cancer. Ultimately, when we used siRNA to diminish Hec1 expression in A2780/Taxol cells, progression through the M phase was inhibited and paclitaxel-induced apoptosis was increased.
Mitotic arrest is necessary for the cytotoxicity of these agents because they induce mitotic cell death, demonstrating that prolonged mitotic checkpoint activation is important for the formation and treatment of cancer [22] . Many researchers have suggested that frequent inactivation of the mitotic spindle checkpoint in cancer might contribute to the resistance of tumor cells to chemotherapeutics [23] . Because elevated Hec1 expression was observed in various cancers, multiple studies have endeavored to identify the effects on tumor therapy and chemoresistance. It has been reported that Hec1 is an important prognostic marker in breast cancer. A small moleculeinduced decrease in Hec1 expression conspicuously inhibited tumor growth [10] . In our experiments, Hec1 knockdown recovered spindle checkpoint activity, induced accumulation of cells in G 2 /M, and prolonged mitotic arrest, similar to what has previously been shown with the inhibition of AURKA expression. Gascoigne and Taylor proposed an elegant "competing-networks" model for cell fate in the presence of spindle poisons [24] . In their model, mitotic slippage occurs when cyclin B drops below a critical threshold, whereas cell death occurs when the apoptosis-activating network reaches a critical threshold. Prolonging mitotic arrest may provide sufficient time to activate apoptosis. The final result was an enhancement of paclitaxel-induced apoptosis and an improvement in paclitaxel sensitivity. Although the precise molecular mechanism remains to be explored, the inhibition of Hec1 may be an effective approach for cancer therapy.
